The leak-before-break (LBB) design of piping system for nuclear power plant has been based on the premise that the leakage due to the through-wall crack can be detected using leak detection systems before a catastrophic break. The piping materials are required excellent J-R fracture characteristics. However, ferritic steels for reactor coolant piping system have operated in a range of dynamic strain aging (DSA) temperature, so that the fracture resistance could be reduced by the influence of DSA under dynamic loading. Therefore, in order to apply the LBB design concept in piping system under seismic loading, both static and dynamic J-R characteristics must be evaluated.
INTRODUCTION
The design of primary and secondary piping in Korean Standard Nuclear Power Plants is applied on the LeakBefore-Break (LBB) concept. The piping materials applied to LBB concept should have an excellent fracture toughness in order to prevent unstable fracture piping due to the large through-wall crack. Therefore, to verify the integrity of piping materials, it is required to perform on tensile test and fracture toughness test (J-R Test). The tensile test should be carried out for determination of the detectable leakage crack length and elastic plastic FEM analysis for piping with the through-wall crack. The fracture toughness (J-R test) should be carried out for the crack stability evaluation of piping under normal operation loading loads and safe shutdown earthquake loads.
In the case of fracture toughness tests, static and dynamic J-R tests were performed for reactor coolant piping system made of carbon steel. The dynamic J-R test is required to prevent instability fracture due to a sudden drop of fracture toughness under seismic loading. In this paper, as a research for applying LBB concept to the reactor coolant piping system of Ulchin 5 and 6, we would study on the influences of dynamic strain aging on the J-R fracture characteristics with loading rate of the pipe materials and their welding joints.
EXPERIMENTAL PROCEDURES
Static J-R tests were performed by unloading compliance method in accordance with ASTM E813-89 [1] and ASTM E1152-87. [2] Dynamic J-R tests were performed by direct current potential drop method (DCPD) in accordance with ASTM E1737-96 A5 [3] due to the rapid loading speed. Three valid tests at design temperature 316°C were performed for each selected heat of base metal and weld metal. In the case of dynamic J-R test, additional valid test at hot standby temperature 177°C and room temperature was performed to investigate temperature dependency. 
Testing Apparatuses
The machine used for this test is servo-hydraulic universal test machine with loading capacity of 25 ton. Test apparatus was calibrated in accordance with ASTM E4 and confirmed within ±1% of the working range. The chamber for high temperature test was used. The extensometer for high temperature was used for measuring extended length of tensile specimen. In J-R test, load line displacement was measured by using the crack opening displacement gage (Capecitec Model P-COD Gage) for high temperature.
Materials and Specimens
The Ulchin 5 and 6 plant design employs a two-loop reactor coolant piping system, each loop containing a steam generator and two reactor coolant pumps as shown in Fig. 1 . Each hot leg is a 42 inch Inner Diameter pipe of SA508 Cl.1a material with 3-½ inch nominal thickness. The cold leg is 30 inch Inner Diameter pipes of SA508 Cl,1a material with 3 inch nominal thickness walls. The elbow material is SA 516 Gr.70. The straight pipe and elbow are welded by SAW automatic welding and SMAW manual welding. The specimens for elbow base metal were taken for plate before hot-rolling. Weld deposits for weld metal test specimens were prepared using the same welding procedure and the same heat of weld material used in the production weld. The detailed welding conditions are shown at Table. 2. Table 3 indicates chemical compositions for each material.
Tensile tests were used on round specimens with diameter of 6.25mm with orientation in L direction, and fracture toughness tests were used on 1 inch compact tension specimen with orientation in L-C direction. In the case of dynamic J-R test specimens, current input wires were mechanically fastened to the both side of the specimen by screw, and voltage measurement wires with diameter of 0.7mm are welded by spot welding as shown in Fig. 2 . 
Tensile Test
Tensile tests were performed in accordance with ASTM E21. [4] Yield strength was determined by 0.2% offset method. From load-displacement curve obtained through test, true stress-true strain curve was obtained, and then material constant α, n was obtained by fitting the true stress-true strain data with the normalized Ramberg-Osgood relation as follow.
where, ε 0 : the strain at yield point, σ 0 : true yield strength, α: Ramberg-Osgood material constant, n: strain hardening exponent.
Static J-R Test
Static J-R tests were performed by unloading compliance method in accordance with ASTM E813-89 and ASTM E1152-87. At first, the compact tension specimens were precracked by cyclically loading until crack length was about 0.6W. Then, side groove was performed to go straight of crack, where the depth of side groove is 20% of specimen thickness. In test, the specimen was held at test temperature in chamber for 1 hour to uniform heat distribution over specimen, and was tested by unloading compliance method. The range of unload/reload for crack extension measurement was 30% of the current load. After the test, the specimen was broken at subzero temperature to compare measured crack extension length with calculated crack extension length.
Dynamic J-R Test
The specimen crack length of dynamic J-R test was measured by direct current potential drop method (DCPD). Test speed was determined by natural frequency method proposed at Battelle.
D is load line displacement at crack initiation of static J-R test. The natural frequency was 10Hz, and test speed of 1,000mm/min was determined for all materials.
The schematic drawing of dynamic J-R test is shown in Fig. 3 . The specimen was isolated from load frame by inserting Bakelite plates which have strength and isolation between the test jig and the machine frame, and 100-Ampere constant current was supplied to the specimen using power supply in order to measure crack growth length during the test. For high-speed data acquisition, HP3852A DAS System was used. The modules are HP44704A High Speed Voltmeter and HP44711A High Speed FET Multiplexer. Using the acquisition system, the variation of load, COD value and output voltage were acquired digitally to computer during test.
Test procedure is as follows; first, the specimen was precracked by cyclically loading and side-grooved. After attaching current input wires and voltage measurement wires, the specimen was installed on testing machine. At high temperature test, the specimen was held during 1 hour in the chamber at test temperature. Then, output voltage was measured with the current off to measure basis voltage. In the case of high temperature test, the basis voltage was higher than one at room temperature. Therefore, to compensate the thermal effect, the final voltage was obtained by subtracting voltage measurements taken with the current off from the total measured voltage. Dynamic J-R tests were performed on the specimen at 1,000mm/min under stroke control with the current on. In analysis, after crack initiation point was obtained from COD values versus output voltage curve, the variation of crack length was calculated from Johnson's equation [6] for all data after crack initiation point. To confirm accuracy of the test, calculated crack length was compared with measured crack length from broken specimen.
TEST RESULTS

Static J-R Test
At the early research period for J-R experiment of those materials, negative crack behaviors and large data scatter had been shown due to the high ductility. We realized from several tests that one of the reasons was needless contact between the specimen and the grip. Static J-R test was performed until COD displacement was 10 mm for obtaining J-R curve of high energy piping materials. The loading pin became rotated on the clevis holes due to the large travel of the COD gage. In order to provide rolling contact sufficiently between the loading pin and the clevis holes, these holes should be provided with larger flats than 0.07W recommended at ASTM E1820 on the loading surfaces due to more rolling movement of pin. (Our flat length: 8.5mm, 0.167W) Moreover, another reasons for data scatter was contact between a side of specimen and a side of grip. Therefore, The clevis grip was machined as shown Fig. 4 in order to have gap sufficiently between the specimen and the clevis grip. As a result, we could valid J-R curves for high energy piping materials. Fig. 5 shows static J-R curves for reactor coolant piping. For elbow base metal (SA516 Gr.70 steel) and SMAW manual welding metal, excellent static J-R properties are shown. The other side, J-R curves for SAW automatic welding metal are lowest among 5 materials. In comparison between hot leg pipe and cold leg pipe, The J-R curves of cold leg pipe are slightly higher than those of hot leg pipe. The reason can be found from forging effect.
All materials were not satisfied on size condition as valid J IC value due to the high J Q values. Meanwhile, when J-T R curve is obtained from J-R curve, the condition for satisfying J-controlled crack growth is as following equation.
In this test result, crack extension length, 0.3b 0 is satisfied on the condition of ω>1 for all materials, so we knows that J-T R curve is valid until crack extension length is 0.3b 0 . Table 4 shows tensile properties tested at 316°C and described at CMTR (Certified Material Test Report: Room Temperature). 
Dynamic J-R Test
First, in order to confirm the test speed is 1,000mm/min, actual speed was measured from time versus COD displacement relationship. We could confirm the accuracy within 5 % of input speed. Fig.6 represents COD value versus output voltage curve for 5 materials. For all test materials appear pulse drop signals at initial loading region in Fig. 6 . It is known that this phenomenon occurs due to the ferromagnetic effect. Namely, when the structure of ferromagnetic substance is changed rapidly, magnetic field is made in the material and electric potential difference is induced. Accordingly, it was difficult to measure crack length because a rapid loading voltage pulse superimposed on the d-c electric potential signal. In particular, it was difficult to find crack initiation point due to the pulse drop phenomenon. Also, we could not explain physical concept full enough for pulse behavior related to crack initiation. Fig. 7 represents the variation of J-R curve according to temperature with respect to each material. It shows that J-R curve is decreased with the increasing test temperature. However, in the case of SAW automatic welding, brittle fracture occurred at room temperature. In general, the faster loading speed, the higher transition-temperature-region. The brittle fracture occurred because the specimen was tested at transition-temperature-region for SAW automatic welding metal at 1,000 mm/min. Fig. 8 shows dynamic J-R curves for reactor coolant piping. In order to compare dynamic J-R curve with static J-R curve easily, J 0.1 inch values was obtained from J-R curves, and the variation of J 0.1 inch value with loading rate at operating temperature, 316°C is shown in Fig. 9 . J 0.1 inch value at 1,000mm/min is lower than one at 1mm/min for elbow material (SA516 Gr.70 steel), but J 0.1 inch value at 1,000mm/min is higher than one at 1mm/min for SAW automatic welding metal. For the other materials, J 0.1 inch values between test speed of 1mm/min and 1,000mm/min are similar.
According to Kim's paper, [7] minimum crack initiation toughness, J I is shown in dynamic strain aging (DSA) temperature region for given loading rate, and the temperature corresponding to the J I value is higher with increasing loading rate. Based on this concept, we can explain the trend for loading rate shown in our experiment results. Namely, elbow material corresponds to type A material and SAW automatic welding metal corresponds to type B material in Fig. 10 . From the fracture toughness with respect to loading rate, we knows that elbow material (SA516 Gr.70 steel) and SAW automatic welding metal (US-40N7PFH-55SN) are susceptible to dynamic strain aging at the temperature range of 25°C ~ 316°C.
CONCLUSION
For elbow base metal (SA516 Gr.70 steel) and SMAW manual welding metal, excellent static J-R properties are shown. The other side, J-R curves for SAW automatic welding metal are lowest among 5 materials.
J 0.1 inch value at 1,000mm/min is lower than one at 1mm/min for elbow material (SA516 Gr.70 steel), but J 0.1 inch value at 1,000mm/min is higher than one at 1mm/min for SAW automatic welding metal. 
